Abstract Overharvesting reduces the populations of wild leek in deciduous temperate forests of North America. Forest farming relying on planted bulbs that are fertilized and selectively harvested could enhance and sustain wild leek production. Density reduction following bulb harvest could improve yield in natural wild leek stands that reach growth-limiting densities. Limiting the harvest to leaves may also provide an alternative form of exploitation, but could slow growth by reducing both carbon and nutrient reserves depending on the timing and intensity of such harvest. Our objectives were to assess the effects of (1) planting density and post-harvest density reduction, and (2) the timing and intensity of leaf harvest on subsequent growth and reproduction of wild leek. Three experiments were established. Bulbs were planted at densities from 44 to 356 bulbs m -2 , covering the range surveyed in natural populations. Plots in dense populations were subjected to up to 40 % bulb harvest. In cultivated plots, either half or all the leaves on each plant were harvested, from 15 to 25 days after unfolding. Plants growing in higher density plots exhibited slower growth and reproduction rates, but greater productivity per cultivated area. A similar effect, albeit marginal, was obtained following bulb harvests in natural populations. Harvesting leaves did not affect survival, but delaying the harvest and harvesting only half of the leaves favored subsequent plant growth. We recommend harvesting down to a fixed bulb density rather than harvesting a percentage of bulbs, and harvesting leaves only as ways to ensure sustainable exploitation of leeks.
Introduction
There is a growing interest in non-timber forest products in North America, but population growth of many of these species can be impaired by harvests (Ticktin 2004; Jones and Lynch 2007; Schmidt et al. 2011) . Forest herbs are particularly sensitive to overharvesting, given that low light availability often limits their growth (Rothstein and Zak 2001a) , and population recovery occurs slowly (Nantel et al. 1996) . Over the last few decades, overharvesting has caused a substantial decline in natural populations of wild leek (Allium tricoccum Ait.), both in southern Quebec (Dagenais 1985; Couillard 1995) and in the southern Appalachians (Davis and Greenfield 2002; Rock et al. 2004 ). Wild leek is considered to be endangered in three American states (Special Concern status) and in the Canadian province of Quebec (Vulnerable status). Recent studies have shown this species to be a good candidate for forest farming (Davis and Greenfield 2002; Facemire 2008; Bernatchez et al. 2013) , which could help alleviate harvesting pressure on natural populations (Chamberlain et al. 2009 ). Although forest farming may improve sustainability of forest herb exploitation, we need to significantly improve yield and reduce maintenance costs in forest farming systems to ensure their long-term success in eastern North America (Burkhart and Jacobson 2009) .
Wild leek or ramp is a forest spring ephemeral very popular in the cuisine of eastern North America for the flavor of its bulbs. Its one to three leaves unfold early in spring, right after snowmelt (late April in Quebec), and senesce a few weeks later following canopy closure (late May). Anthesis occurs in July and seeds are mature in late August (Jones 1979) . Seven to 10 years can elapse from seed germination to mature plant stage (Nantel et al. 1996) , and most reproduction occurs asexually through division of the bulb (Nault and Gagnon 1993) .
Average densities recorded in natural wild leek stands are around 90 bulbs m -2 , which includes all size classes (Dagenais 1985; Nault and Gagnon 1993) . These size classes were defined by Nault and Gagnon (1993) , based on total leaf width (TLW), as follows: class 1 (TLW B 0.8 cm); class 2 (0.8 \ TLW B 2.0 cm); class 3 (2.0 \ TLW B 3.8 cm); class 4 (3.8 \ TLW \ 6.5 cm); class 5 (6.5 \ TLW \ 10.0 cm); class 6 (10 \ TLW \ 15 cm) and class 7 (TLW [ 15 cm). Previous trials in which wild leek were planted at very low densities of 11 and 44 bulbs m -2 indicated no effect of density on bulb yield (Ritchey and Schumann 2005) . However, wild leek populations can reach much higher densities; we have counted dense patches containing 350-400 bulbs m -2 , without even taking into account the seedlings (i.e. class 1 plants; Dion, personal observations). In a forest-farming context, such densities could adversely affect growth by inducing intra-specific competition. Indeed, Nault and Gagnon (1993) have reported increased annual mortality in the centers of dense wild leek patches due to overcrowding. Crowding effects have been well documented over a wide range of densities in the commercial onion, Allium cepa L. (Brewster and Salter 1980; McGeary 1985; Herison et al. 1993; Leskovar et al. 2012) . The usual method for harvesting bulbs is also of great concern when exploiting natural populations of wild leek. Harvesting individual bulbs rather than bunches of bulbs improves population recovery (Nault and Gagnon 1993) . However, careful excavation is virtually impossible to perform in dense stands, without damaging some bulbs. Harvesting procedures that minimize bulb damage thus need to be worked out.
This species is mainly sold as bulbs, but its leaves are also edible and their harvest is usually considered a more sustainable form of exploitation of wild leek (Dagenais 1985) . Nevertheless, leaves are a major sink for carbon and nutrients early in the season. After complete unfolding, the leaves usually account for 50 % of total biomass and contain more than 60 % of P, K, and Mg, and up to 90 % of total N and Ca within the plant (Nault and Gagnon 1988) . However, wild leek efficiently translocates nutrients to the bulb during leaf senescence. Even calcium, which cannot be translocated, appears to be reabsorbed by the roots following leaf decomposition, as the former remain active during summer (Nault and Gagnon 1988; Rothstein and Zak 2001b; Hewins et al. 2015) . Thus, leaf harvesting could be deleterious to wild leek through the loss of nutrients and carbon fixation capacity. Indeed, studies on other Allium species have assessed the negative effects of defoliation. Following defoliation, yield of Allium sativum L. (garlic), A. ampeloprasum L. ssp. porrum (leek) and A. cepa L. decreased (Muro et al. 1998 (Muro et al. , 2000 Irigoyen et al. 2010) , especially when defoliation occured as leaves had just completed unfolding and bulb formation was being initiated (Irigoyen et al. 2010) . Early defoliation can also substantially affect subsequent growth in other spring flowering species, such as Trillium erectum L. (red trillium), Clintonia borealis Aiton (Raf.) (blue-bead lily), Claytonia virginica L. (spring beauty) and Maianthemum canadense Desf. (Canada mayflower) (Whigham and Chapa 1999; Lapointe et al. 2010) . Partial harvests of the foliage could be less deleterious than a total harvest. Partial harvest would allow the remaining leaves to continue photosynthesizing, even during leaf senescence (Bernatchez and Lapointe 2012) , and to translocate their nutrients to the bulb during leaf senescence. Moreover, partial defoliation may induce compensatory photosynthesis in the remaining leaves (Nowak and Caldwell 1984; Meyer 1998; Maurin and DesRochers 2013) .
The first objective of this study was to determine if high densities, approximating those recorded in some natural stands, would impede wild leek growth when cultivated according to forest farming principles. Four densities were compared: 44, 88, 178 and 356 bulbs m -2 . The second objective was to assess the effect of density reduction following partial bulb harvest of up to 40 % of the bulbs on the subsequent growth of wild leek in natural populations; a secondary objective was to evaluate the impact of the harvesting method itself on subsequent growth. For these first two objectives, we posit that competition among individuals rises with increasing density, and predict a reduction in both individual plant growth and population growth. The third objective was to evaluate the effects of 50 and 100 % leaf harvesting, taking place from 15 to 25 days after complete unfolding, on the survival and growth of wild leek. We predict that harvesting a higher percentage of leaf area early in the season will negatively affect wild leek, both by reducing the total amount of carbon fixed and by preventing the recycling of nutrients present in the leaf.
Materials and methods

Study sites
All experiments were conducted in the BassesLaurentides (Lower Laurentian) region of Southern Quebec, Canada, except for two sites of the Bulb Harvesting experiment, which were located in Estrie (the Eastern Townships), also in Southern Quebec. Climate in the Lower Laurentian region is characterized by a mean annual temperature of 5.0°C, total precipitation of 1065 mm, and a total of 1866 degreedays (5°C base temperature) per year. Estrie has a mean annual temperature of 4.1°C, 1144 mm of precipitation, and 1637 degree-days per year (Environment Canada 2013). These regions are close to the northern limit of wild leek distribution (Jones 1979; Dagenais 1985) , but encompass several large natural populations (Dion, personal observations). Exact locations of the sites have not been disclosed in order to prevent their unauthorized harvesting. All sites were located in mature temperate deciduous forests dominated by maple trees (Acer saccharum Marsh.), the natural ecosystem where wild leek occurs most often in southern Quebec. Soils of the four sites for the Leaf harvesting experiment were thoroughly detailed by Bernatchez et al. (2013) , along with light available in the understory during summer. The Planting density experiment was set up on sites B and C of Bernatchez et al. (2013) , nearby the other transplanted plots. None of those sites had been exploited for agriculture, but there has been maple syrup production in site B, and there still is in site C. Site B and C are subjected to some thinning while site D is located in a conservation area. Bulb harvesting experiments were conducted in sugar maple forests not described previously. Details regarding soil characteristics of the sites for the Bulb harvesting experiment are presented in the supplementary material.
Planting density experiment
The experiment was designed as randomized complete blocks and was established at two locations in the Basses-Laurentides in spring 2008 (hereafter referred to as Yr 1 for this experiment). Each block contained 12 plots, i.e., three replicates of each of the four densities tested (44, 88, 178, 356 bulbs m -2 ). Each replicate consisted of 100 bulbs that were planted in 2008, (10 bulbs per row, 10 rows in total) in a plot of appropriate size to achieve target density; the transplants were monitored each year for the five subsequent years (until 2013; referred to as Yr 2 to 6). The resulting distance between bulbs was 15 cm for the 44 bulbs m -2 density, 10.7 cm for the 88 bulbs m -2 density, 7.5 cm for the 178 bulbs m -2 density, and 5.2 cm for the 356 bulbs m -2 density. The 12 plots were randomly distributed within a block, each plot spaced by at least 30 cm. The plant material came from a seizure by governmental authorities of illegally harvested bulbs. All transplanted bulbs were in good condition; they belonged to the size class 3-4, they carried at least one intact root (wild leek bulbs usually produce only a few coarse roots) and were of the variety tricoccum (Jones 1979) .
Plots were plowed to 15 cm depth with a Pulaski (Garant, St-François, QC); rocks and tree roots were removed. Litter was raked before plowing then put back in place after transplantion was completed. The plots were fertilized with 12-25-19 kg ha -1 of N- (Nault and Gagnon 1988) . Bulb survival was estimated in spring of Yr 2 and 3 by counting the number of initial transplants that had produced a least one leaf. From Yr 4 to 6, the total number of shoots per plot was counted instead of transplant survival, since crowding in denser plots rendered distinctions between independent bulbs and bulbs issued from divisions of the same mother bulb difficult. Care was taken to make sure all plants that had produced at least one leaf were counted regardless of the presence of damage or herbivory. If necessary, bulb was partly dug to confirm its healthiness. The number of floral scapes (elongated, leafless flowering stems) was noted in Yr 4, which was a good flowering year (Dion, pers. obs.); flowering rates of wild leek tend to vary greatly among seasons (Nault and Gagnon 1993) .
Two measures of bulb yield were calculated: (1) by estimating the annual increase in bulb fresh mass in g year -1 per bulb that was initially planted, and (2) by expressing it in g year -1 m -2 . Individual bulb fresh mass (FMB i , g) was estimated using the equation:
(r 2 = 0.728; P \ 0.001; n = 214; 2.6 cm \ TLW i \ 23.3 cm). FMB i was then summed for the whole plot, and divided either by the number of bulbs that were initially planted or by the surface area of the plot. Annual biomass increment was then calculated for each plot.
In addition to individual bulb growth, total growth of all daughter bulbs originating from divisions of a same mother bulb should be considered. Since simple addition of the BW i would inflate the effect of bulb division, the sum of daughter bulb widths originating from the same mother bulb (BW d ) was calculated by adding up the transversal bulb areas at their broadest points. Bulb areas were calculated from the diameter measured in the field, after which the diameter of the larger virtual bulb was calculated using Eq. 2:
where n is the number of daughter bulbs and r i is the radius of the ith daughter bulb. TLW for all daughter bulbs originating from the same mother bulb (TLW d ) involved direct addition of all leaf widths. TLW d and BW d provide insights into the overall production of each initial bulb, even after some of them have divided. In Yr 5, there was an outbreak of a pest, which was identified as the millipede Blaniulus guttulatus (Spotted snake millipede). This species is common in gardens and cultivated fields in North America, having been unintentionally introduced from Europe. While this millipede is a known agricultural root pest (Hopkin and Read 1992; Fraval 2014 ), we did not find any reports of it attacking Allium species. Because of the important damage caused by this pest, TLW and scape production from Yr 5 and onward were excluded from the statistical analyses. BW was only measured in Yr 5, and included only plot sections which had not yet been affected by B. guttulatus. The number of bulbs per plot was noted in Yr 5 and 6 to determine if survival improved at the lower density plots.
Bulb harvesting
Twelve plots were initially delimited in each of four natural, high-density wild leek populations (two in Lower Laurentides, two in Estrie), and their area were measured (48 plots in total). Each plot contained about 100 bulbs. Four different harvesting treatments were randomly assigned to the plots in spring 2011 (hereafter referred to as Yr 1 for this experiment), before leaf senescence. The selected harvesting method consisted of digging out all bulbs in a small plot enclosing 100 bulbs, handpicking the ones to harvest, and replanting the others within the same plot. We opted for this method to reduce bulb damage and thus improve population recovery (Nault and Gagnon 1993) . Harvested bulbs belonged to classes 4 and 5, i.e., medium-sized plants (3.8 cm \ TLW B 10 cm). We replanted those bulbs too small for commercial harvesting, together with the large reproducing bulbs, to promote regeneration of the plot. Two of the harvesting treatments consisted of respectively harvesting 20 and 40 % of the bulbs, which means that 80 and 60 % of the bulbs were replanted within the plot. After counting and sorting, the harvested bulbs were replanted within the same natural populations, but outside the experimental plots. The remaining treatments were two different controls, namely, a positive and a negative control. In the positive control, referred to as ''0 %,'' all bulbs were dug out and replanted within the same plot; in the negative control, referred to as ''Control,'' the bulbs were left untouched. These two controls were necessary to test the effect of the harvesting method itself.
During the springs of Yr 2 to 4 (2012-2014), TLW i of all individuals was measured after their leaves had completely unfolded. The number of floral scapes and number of seeds produced per plot were recorded in Yr 3, which was a good flowering year (Dion, personal observation). The juvenile (TLW i \ 1 cm) and nonjuvenile plants were counted to assess population growth in the years following bulb harvesting. We counted the number of juveniles to take into account population regeneration from seeds. According to Nault and Gagnon (1993) , daughter bulbs resulting from a recent division have a TLW i of at least 2.1 cm (size class 3) and it is very unlikely that a seedling would reach a TLW i of 1 cm within the time the experiment lasted.
Leaf harvesting
The leaf harvesting experiment was conducted in plots that had been established in 2008 (for details, see Bernatchez et al. 2013) . Each 90 9 315 cm plot consisted of 100 bulbs that were planted in five rows of 20 plants each. There were six plots in each of four sites, for a total of 24 plots. Each plot received a combination of different N-P-K fertilizer and gypsum doses in spring 2008 and 2010. By autumn 2010, plots no longer differed in terms of soil extractable P, Ca 2?
and Mg 2? (Bernatchez et al. 2013) . From 2011 to 2013, fertilizers were applied annually in each plot in early spring, at the same rates as in the planting density experiment for the same years.
During spring 2011 (hereafter referred to as Yr 1 for this experiment), 36 bulbs per plot were randomly selected from among those bulbs that had not yet divided. We selected plants with the same number of leaves (2 or 3) within a plot whenever possible. We applied a combination of the following treatments to each selected bulb: 0, 1 (50 % leaf area) or 2 (100 % leaf area) leaves were removed, and the harvest took place 15, 20 or 25 days after complete leaf unfolding. There were nine treatment combinations, which were replicated four times per plot. In the cases where a bulb had three leaves and was selected for the one-leaf harvest, we removed one leaf and the distal half of a second one, in order to remove 50 % of the total leaf area.
TLW d and BW d were measured from Yr 1 to 3 (2011-2013). Floral scape emergence was noted each year, and the scapes were then immediately removed to limit the energy devoted to sexual reproduction and to reduce variation among individuals. Bulb division was also recorded.
Statistical analysis
Statistical analysis of the planting density and the leaf harvesting experiments was performed in SAS 9.3 (SAS institute Inc., Cary, NC, USA).
In the planting density experiment, the effect of bulb density (44, 88, 178 or 356 bulbs m -2 ) on bulb yield, BW, TLW, survival, number of bulbs and number of floral scapes was tested with a randomized complete block ANOVA with mixed models using blocks as a random variable, and analyzing each sampling year (Yr 2 to 5) separately. When the bulb density effect was significant (P \ 0.05), means were compared using a Tukey HSD test. From Yr 2 to 4 (2009-2011) , the analysis was also performed as twoway repeated measures ANOVA for TLW i and TLW d to determine if there was a planting density 9 year interaction.
For the bulb harvesting experiment, mixed-effects ANCOVAs with repeated measures were performed for the effect of harvesting treatment, time (years) and their interaction on the following variables: TLW of the whole plot (TLW plot ; obtained by adding up the widths of all leaves in the plot); mean TLW i ; number of bulbs; and number of juveniles per plot. Site was considered as a random variable. ANCOVAs were also performed within each year from Yr 2 to 4 (2012-2014) to follow more closely population recovery from year to year. ANCOVAs were performed on relative growth from Yr 2 to 4 and on scape and seed production in Yr 3. We used plot size (in cm 2 ) as a covariate to compensate for variation in pretreatment density (see next paragraph for further details). Tukey HSD tests were used for multiple means comparisons among the four treatments.
Despite the fact that treatments were randomly assigned among the pre-delimited plots, we noted that the resulting differences in density were smaller than expected. Indeed, post-treatment density did not significantly differed between the 20 and 0 % treatments, and the 40 % plots were only significantly sparser than control and 0 % plots ( Fig. 1 ; F 3, 21 = 6.09, P = 0.004). Density varied greatly within a treatment, especially among the control plots, which ranged from 151 to 634 bulbs m -2 . This kind of density variation can influence the growth of wild leek (see results from the planting density experiment). To more accurately assess the effect of a reduction in bulb density following a partial harvest in natural populations, we decided to conduct a second series of analyses where: (1) experimental treatments were set aside and the density (bulbs m -2 ) that was recorded immediately after bulb harvest was used as an independent variable; and (2) ''control'' plots were excluded from the analysis, since preliminary analyses indicated that this group differed from the 0 % plots (for more detail, see ''Results'' and ''Discussion'' section). We then performed Pearson product-moment correlations (r) tests between the different response variables and the post-treatment density recorded in Yr 1, using Stats package of R 2.15.1 (R Development Core Team 2012).
In the leaf harvesting experiment, two plots were plundered in spring of Yr 1 on one site. They were excluded from subsequent analyses. Two other plots were also plundered in spring of Yr 2 on the same site as the first two, after leaf width and before bulb width measurements had been completed, and were excluded from the analysis in subsequent years.
The experimental design contained three subgroups with no leaf harvesting, one for each date of leaf harvesting. As explained by Gates (1991) , we cannot analyze these data as a 3 9 3 factorial experiment, because this would artificially inflate the interaction between the two factors. An appropriate way of analyzing such an experimental design has been suggested by Lynch et al. (2008) . As a first step, the interaction between the two factors was analyzed in a 3 9 2 factorial analysis ('number of days before harvest' 9 'percentage leaf area removed'), excluding the plants in which no leaf was harvested. Mixedeffects ANOVAs were performed on BW d and TLW d , with repeated measures: Yr 2 and 3 for TLW d ; and Yr 1 to 3 for BW d . Leaf measurements of Yr 1 were not included, because they were already unfolded at the time the treatment was applied. Site, plot and year were considered as random variables in the linear mixed-model. In a second step, all plants that had experienced no leaf harvest were pooled and considered as a 'control' treatment. ANOVAs and multiple comparisons among all seven treatment combinations, including the controls, were performed within each year, using Tukey HSD tests, for TLW d (Yr 2 and 3), BW d (Yr 1 to 3), floral scapes (Yr 3, which was a good flowering season), bulb division (Yr 2 and 3), and survival after 2 years (Yr 3). For bulb division, flowering and survival, a logit transformation was used to model the probability that the binary events ''division'', ''flowering'' and ''survival'' occur. ANOVA was performed on log-transformed data to respect normality and homoscedasticity assumptions. Treatments with a same letter do not significantly differ according to Tukey HSD tests (F 3, 21 = 6.09; P = 0.004)
Results
Planting density experiment
Planting density significantly influenced most of the growth parameters that were recorded ( Fig. 2 ). Vegetative reproduction occurred also more frequently in sparsely planted plots; the number of bulbs per plot in Yr 4 had increased by 47.3 % in the lowest density plots (44 bulbs m -2 ), by 32.7 % in the 88 bulbs m -2 plots, and remained at levels similar to original planting numbers in the two highest density plots (Fig. 3) . This led to a significant interaction between the effects of Density and Yr on TLW d (Fig. 2b) ; plant growth and bulb division were both higher in plots with low density, whereas the Density 9 Yr interaction was not significant for TLW i (Fig. 2a) .
Consistent with the TLW i and TLW d data, bulb width (measured in Yr 5) was also higher in lowdensity plots than in high-density plots, when reported both on an individual basis (BW i ; 22 % higher) and as a sum of all bulb widths originating from the same mother bulb (BW d ; 37 % higher; Table 1 ). As larger bulbs tend to flower more frequently, the 44 bulbs m -2 plots produced nearly twice as many scapes in Yr 4 than the 356 bulbs m -2 plots. The annual yield from Yr 2 to 4 in grams (fresh mass) of bulb per year per bulb planted was 168 % higher in sparser plots than in the 356 bulbs m -2 plots. The annual yield in terms of grams (fresh mass) of bulb per m 2 per year, however, followed the opposite trend, and was 196 and 91 % higher in plots with 356 bulbs m -2 than in plots with respectively 44 or 88 bulbs m -2 . The final number of bulbs m -2 in Yr 4 also followed the same trend, remaining six times higher in denser than in sparser plots.
No significant differences were apparent between the two lowest densities (44 and 88 bulbs m -2 ), for any of the variables (Table 1) . At a density of 178 bulbs m -2 and higher, BW d , TLW d , the number of bulbs per plot and the annual bulb yield (g FM year -1 per bulb initially planted) significantly decreased compared to the lowest density (44 bulbs m -2 ). Only the highest density (356 bulbs m -2 ) significantly decreased BW i , TLW i and flowering the last year prior to the pest outbreak, relative to the lowest density. Figure 3 presents the reduction in bulb number in Yr 5 and 6, which was probably caused by the pest outbreak, compared with the numbers recorded in Yr 4. Effects of density and variation from one season to the next were significant. The less dense plots seemed to be initially less affected by the pest from Yr 4 to 5, but once their numbers began to drop, they did so at rates similar to those of the denser plots; the interaction between density and year was not significant.
Bulb harvesting
One site exhibited surprisingly low survival of the replanted bulbs, probably because of high air temperatures on the day transplantation took place. In Yr 3, an average of 40, 20 and 13 bulbs remained alive in the 0, 20 and 40 % harvest plots, respectively, while 90 bulbs survived in the controls. This site was therefore excluded from further statistical analysis. Three plots from another site (two ''0 %'' and one ''20 %'') were also dropped from the analysis for the same reason.
There was no significant interaction between the effects of time (years after harvesting) and harvesting treatments on TLW plot , TLW i , the number of mature bulbs, and the number of juveniles per plot (Table 2) . However, multiple comparisons among treatments performed within each year (Table 3) highlighted post-harvest recovery over time. In Yr 2, TLW i was 28 % higher in control plots than in the three harvesting treatments, indicating a negative effect of the harvesting method (Table 3) . This difference was less pronounced in Yr 3, as the 20 % plots no longer significantly differed from the controls, but TLW i of the 0 and 40 % plots remained lower. There was no further difference in Yr 4 for TLW i . As expected, the TLW plot was higher in the control plots and lower in the 20 and 40 % plots, but the observed difference became smaller from Yr 2 to 4 (F 3, 20 decreased from 22.5 to 6.4). In Yr 4, the 0 % plots had caught up with the control, but the 20 and 40 % treatments still had 27 % and 34 % lower TLW plot , respectively. Relative increases of TLW plot and number of bulbs per plot did not differ among treatments from Yr 2 to 4, according to ANCOVA (Table 3 ). Yet the relative increase in TLW i tended to be higher in treated plots (P = 0.094), suggesting a positive effect of the digging/replanting treatment on relative growth of individual plants (TLW i ). It is worth mentioning that TLW i increased by 14-40 % across treatment groups between Yr 2 (2012) and Yr 3 (2013), then decreased by 16-26 % between Yr 3 (2013) and Yr 4 (2014). The average number of scapes and seeds produced per bulb, and the number of juveniles per plot did not differ among treatments. As only class 4 and 5 plants were harvested, the treatment itself could have induced changes in size classes in subsequent years, and decreased mean TLW i in the 20 and 40 % harvested treatments. In addition to the results presented in Tables 2 and 3 , we performed an ANCOVA on the TLW i data after simulating a harvest of 20 % (for the 20 % treatment) and 40 % (for the 0 % treatment) of the total number of bulbs, removing only class 4 and 5 plants (not shown). This was done to properly compare mean TLW i in response to differential harvesting, without the statistical artifact incurred by the selective harvesting of mid-size plants. This adjustment yielded results similar to those presented in Table 3 , except that the difference among treatments for TLW i became no longer significant in Yr 3 instead of in Yr 4. Correlations between post-harvest bulb density and response variables are presented in Table 4 . Two negative relationships significantly differed from zero: one with the relative increase of TLW i (Yr 4/2) and the other with TLW i in Yr 4. These correlations indeed suggest that higher post-harvest densities negatively affect individual plant growth.
Leaf harvesting
Complete defoliation (100 % leaf harvesting) significantly reduced TLW d by 21-41 %, BW d by 8-24 % and diminished floral scape production by 65-90 %, relative to the control (Table 5) . In all years, the negative effect of complete defoliation on these growth parameters was more pronounced when leaves were removed at 15 days rather than 25 days following leaf unfolding ( Table 5 ). Plants that were subjected to complete defoliation still exhibited a 39-48 % lower frequency of bulb division 2 years later (Yr 3), except for the 20-day group. Surprisingly, the bulb division rate was not significantly affected in Yr 2 (P = 0.216). Partial defoliation (50 % leaf harvesting) was less damaging to wild leek growth. Although 50 % leaf harvesting caused a significant reduction in TLW d for the 15-days group in Yr 2, and a significant 4-11 % reduction of BW d in Yr 1 and 2 compared to the unharvested control, no other significant negative effects on TLW d , BW d and scape production were observed. There was thus a significant interaction between the percentage of leaves that were harvested and the number of days before harvesting on bulb and leaf size (BW d and TLW d ) during subsequent growing seasons, as illustrated in Fig. 4 . This suggests that delaying the number of days has a greater effect when all leaves were harvested than when only half the leaves were removed. Plant survival was not significantly affected by leaf harvesting, regardless of treatment. 
Discussion
Density effects
Planting wild leek at high densities reduced individual growth of both bulb and leaf. This effect most likely results from competition and crowding among bulbs. The only other density manipulation experiment that has been performed on wild leek reported no density effect (Ritchey and Schumann 2005 ), but the densities tested were 11 and 44 bulbs m -2 . These results do not contradict ours; we only observed a density effect on bulb and leaf size at densities of 178 bulbs m -2 or greater. Nevertheless, we can conclude that planting at a density lower than 44 bulbs m -2 does not improve wild leek growth further.
Annual yield per m 2 increased with planting density, whereas individual growth and yield per planted bulb decreased with an increase in planting density. This response has been reported for commercial onion, for which individual bulb size also decreased with increasing density, but optimal yield per unit area reached its maximum value at an intermediate density (Brewster and Salter 1980; McGeary 1985; Herison et al. 1993 ). The highest density tested in the present study may have been too low to negatively affect yields per area, but the decrease in TLW, BW and annual yield per transplanted bulb may nevertheless reduce the value of the crop on a per bulb basis. It is important to mention that fertilizer applications were calculated on an area basis (nutrients per area), at rates established for a planting density of 44 bulbs m -2 (Bernatchez et al. 2013 ). Increasing the amount of nutrient applied may improve growth at higher densities. Low-density planting promoted bulb division and flower production. The interaction between Density and Yr on TLW d corroborates the overall faster annual growth of wild leek at lower density. Overcrowding and competition for resources is of concern for this species, considering the very high densities that can be reached in natural populations. Indeed, mortality in the denser patches was reported (Nault and Gagnon 1993) . Competition also reduced sexual and asexual reproduction in A. oleraceum L. (Fialová and Duchoslav 2014) .
The density effect was also noticeable in natural populations following partial bulb harvest. The effect only became apparent three years after treatment, as revealed by the negative correlation between postharvest density and TLW i (r = -0.537; P = 0.007). In Yr 2 and 3, plants were smaller in the harvested plots than in the controls, regardless of the percentage of bulbs that had been harvested. Plants were thus likely recovering from the transplant stress that was caused by the harvesting method that had been applied. Similarly, a reduction in individual growth rates has been previously reported in wild leek following transplantation (Vasseur and Gagnon 1994) . TLW i no longer differed between the harvested 
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Yr 3 degrees of freedom and control plots in Yr 4, suggesting a higher growth rate in harvested compared to control plots between Yr 2 and 4.
The maximum harvest rate that would cause no long-term decline in numbers was modeled for natural populations of wild leek and estimated to be 8-10 % annually (Nault and Gagnon 1993; Nantel et al.1996) . Rock et al. (2004) suggested harvest rates as low as 10 % over a 10-year period. These studies did not consider the effects of bulb density on subsequent growth in their models. The present results show that overcrowding is indeed present in dense populations. A substantial reduction in density by partial bulb harvest can favor increased bulb size and, eventually, bulb division and seed production, as larger bulbs are more likely to flower and divide (Nault and Gagnon 1993) . Furthermore, the survival of seedlings could be improved since they would have access to more resources.
To our knowledge, it is the first time that B. guttulatus has been reported as a pest on wild leek. This pest usually affects other root vegetables such as sugar beets, carrots and potatoes (Allen and Filotas 2009) . Nault and Gagnon (1993) reported what they called ''clump death,'' similarly to the decline that we reported in the density plots. Further research is required to determine if the cause of death could be attributed to infestation by B. guttulatus or if another pest or pathogen preceded B. guttalatus and weakened the plants. Lower planting densities are known to slow pest infestations of Thrips tabaci on onion (A. cepa) (Jima et al. 2013 ). This could explain the apparent delay in the reduction of population size observed at lower density in the present experiment, and constitutes another argument in favor of planting less than 88 bulbs m -2 . Applying a specific percentage of harvesting, as previously recommended (Nault and Gagnon 1993; Nantel et al. 1996; Rock et al. 2004) , can lead to variable yields, considering the very high variability in plant density present in natural populations as in the Bulb harvesting experiment. Harvesting down to a fixed post-harvest density between 44 and 88 bulbs m -2 should provide optimal conditions for population recovery, considering the reduction in competition among individuals. However, we do recommend waiting until high densities are reached, before harvesting bulbs again. This conservative approach will allow populations to remain healthy despite stochastic events.
High mortality that was recorded on one site reveals the potential deleterious consequences of the harvest and transplant methods. Harvest on this particular site was performed on a particularly hot and dry day. Stress Interaction between the effects of the proportion of leaves harvested, the number of days before harvesting and the year elapsed since the harvest took place on total leaf width (TLW d ) and total bulb width (BW d ) for all daughter bulbs arising from a same mother bulb. Triangle 0 % leaf harvested (control); circle 50 % leaf harvested; square 100 % leaf harvested; gray Yr 1; white Yr 2; black Yr 3. Leaf width in Yr 1 was measured before the treatment and was thus excluded from the analysis. The controls (0 % leaf harvested) are presented for illustrative purposes only, and were not included in the ANOVA. Results of ANOVA for BW d : Nb leaves effect (L) (F 1, 1208 = 138.4; P \ 0.001), time (no. days) effect (T) (F 2, 1208 = 30.3; P \ 0.001), year effect (Yr) (F 2, 1208 = 93.6; P \ 0.001), L 9 T (F 2, 1208 = 7.21; P = 0.001), L 9 Yr (F 2, 1208 = 3.27; P = 0.038), T 9 Yr (F 4, 1208 = 0.83; P = 0.504), L 9 T 9 Yr (F 4, 1208 = 0.28; P = 0.891). ANOVA for TLW d : L (F 1, 738 = 110.0; P \ 0.001), T (F 2, 738 = 11.29; P \ 0.001), Yr (F 1, 738 = 15.7; P \ 0.001), L 9 T (F 2, 738 = 5.53; P = 0.004), L 9 Yr (F 2, 738 = 0.02; P = 0.891), T 9 Yr (F 4, 738 = 0.17; P = 0.841), L 9 T 9 Yr (F 4, 738 = 0.31; P = 0.734)
Agroforest Syst (2016) 90:979-995 991 on the roots may have been enough to affect survival. Nevertheless, it is surprising, considering the high survival rates reported for transplanted wild leek and its tolerance to transplantation shock (Vasseur and Gagnon 1994; Bernatchez et al. 2013) . The reduction in growth observed in the other sites in the plots where all bulbs had been harvested then replanted (0 %) compared to the non-harvested plots (controls) illustrates the possible effect of transplant shock on subsequent growth of wild leek. Such transplant stress occurs more frequently in arid or semi-arid environments (Shinohara and Leskovar 2014) , but it has been reported for transplants of black cohosh Actaea racemosa L. in temperate forest sites (Small et al. 2014) . Nevertheless, we could reduce post-harvest mortality by (1) harvesting on cool and cloudy days; (2) keeping plants in a cooler during the process; and (3) watering the soil after the bulbs have been replanted. Selective harvests could also take place immediately after leaf senescence at a time when the plants are much less sensitive to transplant shock.
Leaf harvest
As expected, increasing the proportion of leaves that were harvested and performing an early harvest reduced growth of wild leek during subsequent years. Allowing the leaves to perform photosynthesis over a longer period of time before being harvested likely led to more carbon accumulation in the bulb, whereas removing only half of the leaves likely reduced the loss in carbon and nutrients. Bigger bulbs resulted at the end of the season in which the harvest was performed and in subsequent years, and larger leaves in the following seasons. The significant interaction between the number of leaves that were harvested and the number of days before harvest suggests that the difference between harvesting half and harvesting all of the leaves was less pronounced if the harvest was delayed as late as possible before senescence. Indeed, harvesting all leaves after 25 days yields similar growth responses as does harvesting half of the leaves. Removing half of the foliage did not induce complete compensatory photosynthesis in the remaining foliage, since these plants did not accumulate as much C in their bulbs as did the control plants, based on the leaf and bulb widths. Tip-defoliation has been shown to induce compensatory photosynthesis in the remaining leaf sections of Oenothera biennis L.
(evening-primrose; Morrison and Reekie 1995) or to maintain constant photosynthetic rates in damaged leaves of bluebunch wheatgrass Pseudoroegneria spicata (Pursh) Á . Löve and crested wheatgrass Agropyron desertorum (Fish.) J.A. Schutes (Nowak and Caldwell 1984) . Direct measurements of photosynthetic rates would be necessary to confirm whether compensatory photosynthesis occurs following partial leaf harvesting.
Flowering was affected by the proportion of leaf area that was harvested, but not by the timing of defoliation. Flowering might be more sensitive to nutrient than to carbon availability within the bulb. Nault and Gagnon (1988) reported that the presence of chlorophyll allows the floral scape to be partially selfsufficient. Moreover, they observed that reproductive structures contain 30 and 45 % of total plant Mg and Ca, respectively, while these two elements account for 15 % of total biomass. Harvesting all leaves also had a negative effect on bulb division. In perennial grassland herbs, defoliation sometimes reduces asexual reproduction by rhizome propagation, but this effect varies with species, given that some also exhibit improved reproductive effort following defoliation (Benot et al. 2009 (Benot et al. , 2010 Bostrom et al. 2013) . The proportion of leaf area harvested thus seems to affect to a greater extent the effect on the overall growth of wild leek than the time at which harvesting took place.
Stochastic environment
The 2013 (Yr 3 of Bulb and Leaf harvesting experiments) growing season was apparently a bad season for wild leek. It is clearly demonstrated in the Leaf harvest experiment as a decrease in BW d between Yr 2 and 3, and in the Bulb harvest experiment as a decrease in TLW i from Yr 3 to 4. Leaf elongation begins in autumn (Nault and Gagnon 1993) and, thus, TLW is influenced by the previous season. Spring 2013 was particularly dry during the epigeous period of wild leek (Environment Canada 2013) . A similar reduction in leaf longevity during a dry summer has been observed in the forest herb T. erectum (Tessier 2008) . Indeed, Nantel et al. (1996) reduced the recommended bulb harvest rates to compensate for stochastic environments. Nevertheless, plots in which 40 % of the bulbs had been harvested maintained a stable bulb number in the three subsequent years, which indicates that wild leek populations subjected to a high harvest rate can tolerate a harsh season a few years later. Producers should be advised to wait until the population has reached the pre-harvest state, in terms of plant size and number, before harvesting again.
The same precautions can apply to leaf harvesting. For instance, in Yr 2, plants completely defoliated after 25 days already had an average BW d comparable to control plants in Yr 1 (see Table 5 ). This response would suggest that the treatment could be repeated every 2 years without a long-term negative effect. The growth decline that was observed in 2013 after a dry spring would suggest waiting somewhat longer. Only long-term follow-ups could determine optimal leaf and bulb harvest frequency.
Concluding remarks
The results of the present study confirm that overcrowding can be present in natural populations and that reduced bulb density can improve yield. We also confirmed that modulating both the date at which leaves are harvested and the proportion of leaf harvested influence the effects of leaf harvesting on subsequent plant growth. Based on the present results, the following recommendations can be proposed to improve yield of wild leek plantations. When establishing a new plantation, the bulbs should be planted at densities not exceeding 88 bulbs m -2 . In the present study, this was the best compromise between individual growth, reproduction and yield per area. Harvesting bulbs in natural populations should be made on cool or overcast days, with the soil being watered to prevent mortality. The high survival in most plots indicates that a single high harvest event (up to 40 % of bulbs being harvested) is not a threat to population survival, if done under proper conditions. However, we strongly recommend that subsequent harvests should take place only when the population has reached its pre-harvest density. We recommend harvesting down to a fixed post-harvest density of 44-88 bulbs m -2 instead of harvesting a percentage of plants to favor post-harvest growth and population recovery. Leaves should be harvested at the latest possible date (C 25 days) after complete unfolding. Recreational harvesters should limit themselves to one leaf per plant. Commercial producers, for practical reasons, will harvest all leaves on either patches or rows of plants. This more severe treatment does not affect survival, but the producer should wait until plants have reached pre-harvest size before harvesting again, which should take at least 2 years.
